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ABSTRACT 

E l e c t r o k i n e t i c  measurements show t h a t  coa ls  g e n e r a l l y  e x h i b i t  a charge 
reve rsa l  a t  a c e r t a i n  pH because t h e  s u r f a c e  charge on coa l  i s  c o n t r o l l e d  by 
t h e  d i s s o c i a t i o n / i o n i z a t i o n  o f  oxygenated f u n c t i o n a l  groups on t h e  coal  m a t r i x  
and by t h e  presence o f  s i l i c e o u s  contaminants. The lower  t h e  ash minera l  
content  of a coa l ,  t h e  h i g h e r  i s  t h e  pH a t  which t h e  charge i s  reversed ( t h a t  
i s ,  i t s  PZR). De-ashing a coa l  causes i t  t o  e x h i b i t  a h i g h e r  PZR. Increased 
o x i d a t i o n  causes t h e  pH f o r  charge r e v e r s a l  t o  decrease due t o  t h e  h i g h e r  
concen t ra t i on  o f  oxygen f u n c t i o n a l  groups. 

INTRODUCTION 

When a s o l i d  such as coa l  i s  immersed i n  a l i q u i d  environment, a charge 
i s  developed on t h e  s u r f a c e  by d i s s o c i a t i o n  o f  f u n c t i o n a l  groups (COOH, C=O, 
COH) from t h e  s u r f a c e  o r  by adso rp t i on  o f  i ons  f rom s o l u t i o n .  The s u r f a c e  
charge on t h e  coa l  t o g e t h e r  wi th  t h e  coun te r  i o n s  c o n s t i t u t e  t h e  e l e c t r i c a l  
double l a y e r .  For  t h e  s tudy o f  charged systems, t h r e e  i n t e r f a c i a l  p o t e n t i a l s  
a r e  of  i n t e r e s t :  i )  t h e  s u r f a c e  p o t e n t i a l  ( o r  t o t a l  double l a y e r  p o t e n t i a l ) ,  
i i )  t h e  S te rn  l a y e r  p o t e n t i a l  ( t h e  p o t e n t i a l  a t  t h e  f i r s t  l a y e r  o f  coun te r  
i o n s )  and iii) t h e  z e t a  p o t e n t i a l .  The e l e c t r o k i n e t i c  o r  ze ta  p o t e n t i a l  i s  
t h e  p o t e n t i a l  a t  t h e  shear p lane,  where s l i p  must occur  when t h e  s o l i d  moves 
r e l a t i v e  t o  t h e  l i q u i d .  The behav io r  o f  t h e  s o l i d  p a r t i c l e  i n  a l i q u i d  under 
these c o n d i t i o n s  i s  governed by t h e  charge d e n s i t y  a t  t h e  shear plane. n o t  t h e  
charge d e n s i t y  a t  t h e  s o l i d  sur face.  The measurement o f  e l e c t r o k i n e t i c  
p o t e n t i a l s  i s  r e l a t i v e l y  easy and t h i s  o f t e n  i s  t h e  o n l y  d i r e c t  e l e c t r i c a l  
measurement t h a t  can be ,conducted. A l though i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  
n o t  s t r a i g h t - f o r w a r d ,  o f t e n  t h e  u s e f u l  assumption i s  made t h a t  t h e  s l i p p i n g  
p lane  and t h e  S t e r n  p l a n e  co inc ide .  Since t h e  ze ta  p o t e n t i a l  can he 
manipulated th rough  a d s o r p t i o n  o f  i n o r g a n i c  o r  o rgan ic  i o n s  a t  t h e  Stern 
plane, t h e  s tudy  o f  t h e  e l e c t r o k i n e t i c  behavior  o f  s o l i d  i s  of p r a c t i c a l  
impor tance i n  f l o t a t i o n ,  d i s p e r s i o n ,  f l o c c u l a t i o n ,  e t c .  

Impor tan t  parameters f o r  c h a r a c t e r i z i n g  t h e  s u r f a c e  o f  a s o l i d  i n  water  
i s  t h e  c o n d i t i o n  when t h e  s u r f a c e  charge and t h e  s u r f a c e  p o t e n t i a l  i s  zero. 
Ions t h a t  c o n s t i t u t e  t h e  s u r f a c e  charge a r e  c a l l e d  p o t e n t i a l - d e t e r m i n i n g  ions,  
and t h e i r  a c t i v i t y  i n  s o l u t i o n  when t h e  su r face  i s  uncharged i s  c a l l e d  t h e  
p o i n t  of zero charge (PZC). Another c o n d i t i o n  o f  impor tance i s  when t h e  Stern 
l a y e r  p o t e n t i a l  i s  zero.  T h i s  can e i t h e r  be t h e  PZC o r  can r e s u l t  if coun te r  
i ons  have such a s t r o n g  a f f i n i t y  f o r  t h e  s u r f a c e  t h a t  m r e  coun te r  i o n s  can 
adsorb than t h e r e  a r e  s u r f a c e  charges. The r e v e r s a l  of t h e  ze ta  p o t e n t i a l ,  
which i s  o f t e n  c a l l e d  t h e  i s o e l e c t r i c  p o i n t  (IEP) o f  t h e  s o l i d ,  t h e r e f o r e  can 
r e s u l t  e i t h e r  f rom t h e  r e v e r s a l  o f  t h e  s u r f a c e  p o t e n t i a l  o r  o f  t h e  S te rn  po- 
t e n t i a l .  Because t h e r e  i s  a l s o  an i s o e l e c t r i c  p o i n t  o f  a s o l u t i o n  i n  e q u i -  
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l i b r i u m  w i t h  a s o l i d ,  t h e  t e r m  p o i n t  o f  z e t a  p o t e n t i a l  r e v e r s a l  (PZR) i s  l e s s  
con fus ing  and t h a t  t e r m  w i l l  be used here. 

The e l e c t r o k i n e t i c  behav io r  o f  coa l  i s  d i f f i c u l t  t o  s tudy  because o f  t h e  
complex minera logy and h e t e r o g e n e i t y  of coa l  and, more s i g n i f i c a n t l y ,  i t has 
t h e  tendency t o  undergo s u b s t a n t i a l  a l t e r a t i o n s  upon exposure t o  var ious 
environments (1). The l i t e r a t u r e  does no t  c o n t a i n  many papers on t h e  
e l e c t r o k i n e t i c  behav io r  o f  coal  (1-13). Campbell and Sun (2.3) s t u d i e d  t h e  
e l e c t r o k i n e t i c  behav io r  O f  a n t h r a c i t e  and b i tuminous coa l  by s t reaming 
p o t e n t i a l  methods, and H and OH’ i o n s  were found t o  be t h e  p o t e n t i a l -  
de te rm in ing  ions.  The PZC o f  a n t h r a c i t e  (whole c o a l )  was found t o  occur  a t  
about  pH 4 and t h a t  o f  i t s  v i t r a i n  a t  pH 5.0 t o  5.2. The PZC o f  b i tuminous 
coal  was found t o  occu r  a t  around pH 4.6. S u b s t a n t i a l  v a r i a t i o n s  o f  zeta 
p o t e n t i a l  were observed w i t h  pH f o r  t h e  va r ious  marcera ls .  More r e c e n t l y ,  Wen 
and Sun (7,8) i n v e s t i g a t e d  t h e  e l e c t r o k i n e t i c  behav io r  o f  f i n e  c o a l s  of 
d i f f e r e n t  rank and o x i d a t i o n  degree by an e l e c t r o p h o r e t i c  technique.  They 
suggested t h a t  H+ and OH- a r e  t h e  p o t e n t i a l - d e t e r m i n i n g  i o n s  f o r  most of t h e  
coa ls .  The PZR o f  a n t h r a c i t e ,  b i tuminous and l i g n i t e  coal  decreased i n  t h e  
reve rse  o r d e r  o f  t h e  rank and occu r red  a t  pH 5.0, about 4.5 and 2.3, 
r e s p e c t i v e l y .  The magnitude o f  t h e  ze ta  p o t e n t i a l  i nc reases  as t h e  rank o f  
t h e  coa l  decreases because t h e  lower  rank coal  con ta ins  a g r e a t e r  f r a c t i o n  of 
oxygen f u n c t i o n a l  groups which p r o v i d e  mre n e g a t i v e l y  charged s i t e s  on t h e  
su r face  o f  t h e  coal  (7.8). 

The o b j e c t i v e s  o f  our i n v e s t i g a t i o n s  were t o  d e l i n e a t e  f a c t o r s  t h a t  
c o n t r o l  t h e  zeta p o t e n t i a l  o f  coa l ,  i n c l u d i n g  coa l  rank, degree o f  o x i d a t i o n  
and ash minera l  content .  An a t tempt  t o  e v a l u a t e  t h e  PZC o f  c o a l s  i s  a l s o  
presented.  

MATERIALS AND METHODS 

The coa l  samples used i n  t h i s  i n v e s t i g a t i o n  i n c l u d e d  a Wyoming b i tuminous 
steam coa l ,  a Colorado b i tum inous  m e t a l l u r g i c a l  coa l ,  two  samples o f  
Pennsylvania a n t h r a c i t e ,  and a hand-picked sample o f  v i t r a i n  hands f rom a West 
V i r g i n i a  b i tuminous seam s u p p l i e d  by t h e  Coal Research Bureau, West V i r g i n i a  
U n i v e r s i t y .  Coal specimens were p r o t e c t e d  f rom atmospher ic  o x i d a t i o n  d u r i n g  
t r a n s p o r t  and storage. Table 1 p resen ts  p rox ima te  and u l t i m a t e  analyses o f  
t h e  samples. To s tudy de-ashed coa l ,  t h e  s i l i c e o u s  ash- forming m i n e r a l s  were 
removed by l e a c h i n g  wi th  an HF-HC1 procedure, which removes over  90% o f  t h e  
con ta ined  m ine ra l  m a t t e r  w i t h o u t  a t t a c k i n g  t h e  coal  substance acco rd ing  t o  
Bishop and Ward (14). Tab le  2 summarizes t h e  m ine ra l  m a t t e r  c o n t e n t  of t h e  
de-ashed samples s tud ied.  The o t h e r  samples were o x i d i z e d  by pass ing  oxygen 
a t  125OC through t h e  bed o f  coal  p a r t i c l e s  f o r  up t o  260 hours. 

E l e c t r o p h o r e t i c  m b i l i t i e s  o f  p a r t i c l e s  were measured w i t h  a m i c r o e l e c t r o -  
p h o r e s i s  apparatus manufactured by Zeta-Meter Inc., u s i n g  t h e i r  P y r e x l T e f l o n  
e l e c t r o p h o r e s i s  c e l l .  For most o f  t h e  m o b i l i t y  measurements, about  0.02 gram 
of coa l  t h a t  had been ground t o  minus 400 mesh was suspended i n  100 m l  o f  
s o l u t i o n  f o r  about 9 hours w h i l e  a g i t a t i n g .  St reaming p o t e n t i a l s  were 
eva lua ted  u s i n g  p l u g s  c o n t a i n i n g  48 x 65-mesh coa l  p a r t i c l e s  i n  an apparatus 
i d e n t i c a l  t o  t h a t  desc r ibed  by B a l l  and Fuerstenau (15). 
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Tab le  1 - Analyses of Coal Samples by Percent  ( d r y  bas i s  

Penna. ( I )  
A n t h r a c i t e  

Wyomi ng 
Bitum. 

(Steam) 

Colorado HF-Treated 
Bitum. Penna. (11) Penna. (11) 
(meta l . )  A n t h r a c i t e  A n t h r a c i t e  V i t r a i n  

Carbon 88.24 
Hydrogen 2.11 
N i t rogen  0.65 
C h l o r i n e  0.00 
T o t a l  S u l f u r  0.75 

P y r i t i c  S 0.10 
Oraanic S 0.61 

72.91 --- --- _-- 
0.68 
0.06 
0.62 

71.68 79.83 93.03 81.93 
5.10 2.10 1.96 5.38 
1.60 0.94 0.74 1.24 
0.02 0.02 0.52 0.02 
0.60 0.86 0.78 1.03 _-- --- 0.24 

--- 0.78 
--_ 
--_ --_ 

--- 0.01 
Oxygen --- --- 9.02 2.94 1.54 1.46 
Mo is tu re  2.93 --- 2.94 2.08 1.42 --- 
Ash 1.67 5.53 11.50 13.31 1.43 3.33 
V o l a t i l e  M a t t e r  4.02 41.35 39.49 --- --- 37.91 
B t u / l  b 13,700 12,800 12,800 12,600 14,400 14,700 

--_ --- S u i f a t e  S 0.04 0.00 

(as rece ived )  

Acid-base t i t r a t i o n s  t o  e s t i m a t e  t h e  su r face  charge d e n s i t y  were c a r r i e d  
o u t  u t i l i z i n g  an au tomat i c  t i t r a t o r  w i t h  minus 37-urn Wyoming b i tuminous coal, 
u s i n g  the  Onoda-deBruyn “ f a s t  t i t r a t i o n ”  method t o  es t ima te  e x t e r n a l  charge 
d e n s i t y  (16) .  A s imp le  check o f  t h e  pzc o f  t h e  coa l  sample was c a r r i e d  out  by 
t h e  s o l i d s  a d d i t i o n  method, worked ou t  by Fuerstenau (17). 

RESULTS AND DISCUSSION 

The PZR o f  h igh -ash  a n t h r a c i t e  I1  was found t o  occu r  a t  about pH 2.8. A 
s e r i e s  o f  l e a c h i n g  exper iments was per formed where in v a r i o u s  amounts o f  
s i l i c e o u s  m a t e r i a l  were removed f rom t h e  coa l .  F i g u r e  1 g ives  t h e  ze ta  
p o t e n t i a l ,  as measured by e l e c t r o p h o r e s i s ,  o f  a n t h r a c i t e  c o n t a i n i n g  13.3, 9.0, 
2.0 and 1.4% ash con ten t .  As t h e  amount o f  ash i s  reduced, t h e  p o i n t  of ze ta  
p o t e n t i a l  r e v e r s a l  i s  i nc reased  t o  about pH 4.5, which i s  t h e  same as found 
f o r  a n t h r a c i t e  I ,  a low-ash coa l .  The ze ta  p o t e n t i a l  o f  s i l i c a  genera l l y  
e x h i b i t s  a r e v e r s a l  a t  pH 1-2 and t h a t  o f  g r a p h i t e  a t  about pH 4. Thus, coa l  
behaves somewhat as a composite m a t e r i a l .  The Colorado b i tuminous coal 
c o n t a i n i g  11.5% ash has a PZR l e s s  t h a n  pH 2, but  a f t e r  reduc ing  t h e  ash 
c o n t e n t  t o  0.3% t h e  pH o f  t h e  ze ta  p o t e n t i a l  r e v e r s a l  i s  i nc reased  t o  about 
4.5 ( F i g u r e  2). C l e a r l y ,  any s t u d i e s  i n v o l v i n g  raw coal  must t a k e  i n t o  
account t h e  d i s t r i b u t i o n  o f  va r ious  components a t  t h e  sur face,  t h a t  i s  s i l i c a ,  
carbonaceous m a t r i x ,  and oxygen f u n c t i o n a l  groups. 

The z e t a  p o t e n t i a l  o f  t h e  low-ash Wyoming b i tuminous coa l  was determined 
by st reaming p o t e n t i a l  measurements and t h e  r e s u l t s  a r e  g i ven  i n  F i g u r e  3. 
The PZR o f  t h i s  coa l  appears t o  occur  a t  pH 4.5. Is t h i s  r e v e r s a l  i n  t h e  ze ta  
p o t e n t i a l  a s u r f a c e  charge r e v e r s a l ?  The r e s u l t s  o f  t h e  t i t r a t i o n  of t h i s  
same coal  a r e  p resen ted  i n  F i g u r e  4, which shows t h a t  t h e  i so the rms  cross a t  
about  pH 5. Th is  c r o s s  p o i n t  r e p r e s e n t s  t h e  PZC (16). Furthermore, e x p e r i -  
ments were c a r r i e d  o u t  u s i n g  t h e  d r y - s o l i d s  a d d i t i o n  method. I f  a d r y  s o l i d  
i s  added t o  water ,  a d s o r p t i o n  o f  t h e  p o t e n t i a l - d e t e r m i n i n g  i o n s  w i l l  
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Table 2 - The ash and s i l i c o n  con ten ts  o f  va r ious  coa ls  b e f o r e  
and a f t e r  HF-treatment 

Coal 
Percent  Ash S i  con ten t  as I i n  Coal percent  o f  ash 

Pennsylvania Un t rea ted  13.3 45.3 I 1.4 0.7 
A n t h r a c i t e  I 1  

HF-t reated 

Colorado Un t rea ted  11.5 35.1 I 0.3 6.6 
Bi tuminous 

HF-t rea ted  

c p s e  t h e i r  a c t i v i t y  t o  s h i f t  towards t h e  PZC ( 1 7 ) .  I n  t h e  case o f  coal ,  i f  
H and OH- a r e  p o t e n t i f l - d e t e r m i n i n g ,  as more su r face  area i s  added t o  t h e  
system, a d s o r p t i o n  o f  H and OH- occurs,  s h i f t i n g  t h e  s o l u t i o n  pH towards t h e  
PZC. The r e s u l t s  o f  such experiments, g i ven  i n  F i g u r e  5, show t h a t  t h e  PZC 
occurs a t  pH 4.8, i n d i c a t i n g  t h a t  t h e  PZR g i ven  i n  F i g u r e  3 i s  indeed a l s o  t h e  
PZC. 

O x i d a t i o n  o f  t h e  coa l  causes t h e  z e t a  p o t e n t i a l  t o  s h i f t  t o  more a c i d i c  
pH's. F igu re  6 shows t h e  e l e c t r o k i n e t i c  behav io r  o f  a n t h r a c i t e  I a f t e r  i t  had 
been o x i d i z e d  i n  oxygen a t  125OC f o r  va r ious  t ime  pe r iods .  As f o r  an 
e x p l a n a t i o n  o f  t h i s  s h i f t ,  t h e  s u r f a c e  composi t ion and o r i e n t a t i o n s  o f  su r face  
f u n c t i o n a l  groups i n  c o a l s  a re  g e n e r a l l y  no t  known, and mvst be i n f e r r e d  f rom 
analyses o f  t h e  b u l k  coa ls .  A c i d i t y  of sur face s i t e s  i n  cha rcoa ls  and carbon 
b l a c k s  has been a t t r i b u t e d  t o  ca rboxy l  groups, p h e n o l i c  groups and c y c l i c  
e s t e r s  c a l l e d  l a c t o n e s  (18,19). As coa ls  o x i d i z e ,  l a r g e  amounts o f  po l ymer i c  
hyd roxy -ca rboxy l i c  ac ids  c a l l e d  humic ac ids  a r e  formed which may f u r t h e r  
o x i d i z e  t o  p h e n o l i c  aldehydes and wa te r -so lub le  a c i d s  (20). I t  i s  t h e  
p r o d u c t i o n  o f  t hese  a c i d i c  groups on t h e  coal  s u r f a c e  which i s  p r i m a r i l y  
r e s p o n s i b l e  f o r  t h e  decrease i n  f l o t a t i o n  recovery and t h e  decrease i n  z e t a  
p o t e n t i a l  o f  o x i d i z e d  coa ls .  It i s  l i k e l y  t h a t  t h e  m a j o r i t y  o f  t h e  observed 
change i n  e l e c t r o p h o r e t i c  p r o p e r t i e s  upon o x i d a t i o n  i s  due t o  t h e  f o r m a t i o n  of 
more and s t r o n g e r  a c i d i c  f u n c t i o n a l  groups on t h e  coal  surface. 

A v i t r a i n  sample was o x i d i z e d  a t  125OC and a t  t h i s  temperature,  t h i s  
p a r t i c u l a r  sample was p a r t i a l l y  burned up. Gray ash cou ld  be seen i n  t h e  
o x i d i z i n g  vessel d u r i n g  sampling. The e l e c t r o p h o r e t i c  m o b i l i t y  was found t o  
change d r a s t i c a l l y  w i t h  such severe ox ida t i on .  Subsequent exper iments showed 
t h e  m o b i l i t y  t o  be about t h e  same as t h a t  o f  a sample o f  t h e  ash i t s e l f .  I n  
o r d e r  t o  o x i d i z e  t h e  v i t r a i n  w i t h o u t  combusting it, t h e  tempera tu re  i n  t h e  
o x i d i z i n g  oven was lowered t o  8OoC and another  sample o x i d i z e d .  Under these  
more m i l d  c o n d i t i o n s ,  t h e  pronounced s h i f t  o f  t h e  PZC t o  l ower  va lues w i th  
o x i d a t i o n  was observed and t h e  r e s u l t s  a r e  shown i n  F i g u r e  7. 

It can be seen f rom t h e  r e s u l t s  t h a t  a n t h r a c i t e  (F ig .  6)  does n o t  o x i d i z e  
r e a d i l y ,  even a t  125OC, w h i l e  t h e  v i t r a i n  o x i d i z e s  q u i t e  e a s i l y  a t  8OoC. T h i s  
i s  p r i n c i p a l l y  due t o  t h e  d i f f e r e n c e  i n  rank o f  t h e  two coals .  The a n t h r a c i t e  
i s  88.2% carbon versus 72.9% f o r  t h e  v i t r a i n ,  and con ta ins  cons ide rab ly  fewer 
r e a c t i v e  f u n c t i o n a l  groups t h a t  may be s u s c e p t i b l e  t o  o x i d a t i o n .  
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SUMMARY 

Because t h e  charge on t h e  su r face  o f  coal  r e s u l t s  from t h e  d i s s o c i a t i o n /  
i o n i z a t i o n  o f  v a r i o u s  oxygenated f u n c t i o n a l  groups, H+ and OH- appear t o  be 
p o t e n t i a l - d e t e r m i n i n g .  E l e c t r o k i n e t i c  experiments show t h a t  pH c o n t r o l s  t h e  
charge r e v e r s a l  on coa ls ,  depending upon t h e  ash c o n t e n t  and t h e  degree o f  
ox ida t i on .  High-ash coa ls  e x h i b i t  charge r e v e r s a l  a t  lower  pH's. When t h e  
coa l  i s  de-ashed. i t s  PZR increases.  S i m i l a r l y ,  o x i d a t i o n  reduces t h e  pH a t  
which the  su r face  charge i s  reversed, due t o  t h e  i nc rease  i n  t h e  concen t ra t i on  
o f  oxygen f u n c t i o n a l  groups. 
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